. In this reaction, RecBCD enzyme unwinds nation in E. coli. In this system, RecA protein formed a linear-duplex molecule to provide a substrate suitable recombination intermediates that were processed by for pairing and strand exchange by RecA. This system the actions of the RuvA, RuvB, and RuvC proteins.
Introduction point (Iwasaki et al., 1992; Tsaneva et al., 1992b) . Unlike RecA protein, RuvAB can drive the Holliday junction In higher organisms, recombination is an essential celluthrough regions of heterology exceeding 1 kb in length lar process that generates genetic diversity, contributes (Iype et al., 1994; Parsons et al., 1995b ; Adams and to the repair of DNA damage, and ensures the proper West, 1996) . The heightened capability of RuvAB to hansegregation of homologous chromosomes at meiosis. dle such discontinuities supports the argument that, in Our knowledge of the DNA-DNA interactions that occur vivo, these proteins translocate the Holliday junction during recombination is derived primarily from in vitro once strand exchange has begun. In addition, these studies of the reactions catalyzed by bacterial proteins.
proteins are likely to play a particularly important role These studies also provide a powerful model system by during recombinational repair. which the molecular interactions that take place between RuvA and RuvB, like RecA, are components of the individual proteins can be analyzed in detail. The recent cellular SOS system, and their synthesis is induced identification of yeast and human homologs of key bacin response to DNA damage (Benson et al., 1988 ; terial recombination proteins, such as E. coli RecA pro- Shinagawa et al., 1988) . RuvA is a structure-specific tein, suggests that the underlying molecular mecha-DNA-binding protein that has a high affinity for Holliday nisms of recombination may be similar in all organisms.
junctions (Iwasaki et al., 1992; Parsons et al., 1992) . In E. coli, the activities of many proteins are required
In solution, RuvA protein is tetrameric, and its crystal for recombination (for review, see Kowalczykowski et structure has been solved at a resolution of 1.9 Å (Rafal., 1994; Lloyd and Low, 1996) . During conjugation, ferty et al., 1996) . The RuvA-Holliday junction complex recombination is initiated when RecBCD enzyme binds adopts a 4-fold symmetric square-planar configuration a duplex DNA end and produces single-stranded DNA in which the DNA is sandwiched between 2 RuvA tetra-(ssDNA) tails through its combined DNA helicase and mers (Parsons et al., 1995a; Rafferty et al., 1996 ; Yu et nuclease activities. This ssDNA serves as a loading scafal., 1997) . RuvB protein is a DNA-dependent ATPase fold for RecA protein, which then polymerizes in a polar (Iwasaki et al., 1989 ) that has a low intrinsic affinity for fashion into flanking duplex DNA to form a nucleoprotein DNA (Mü ller et al., 1993b) . At relatively high protein confilament exhibiting a regular, unique, and highly concentrations, however, it can promote branch migration served structure. Within the filament, homologous se- (Tsaneva et al., 1992b; Mitchell and West, 1996) . The quences are identified in a second DNA duplex, and the protein forms hexameric ring structures similar to those made by E. coli DnaB and Rho proteins, T7 gp4, T4
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gp41, and SV40 T antigen (West, 1996) .
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The RuvA and RuvB proteins interact in solution (Shiba et al., 1993; Mitchell and West, 1994) and form vitro system was developed in which all four proteins were functional. The system, DNA strand exchange bespecific complexes with Holliday junctions (Parsons and West, 1993; Hiom and West, 1995; Parsons et al., 1995a) .
tween gapped circular DNA (gDNA) and 32 P-3Ј-end labeled homologous linear-duplex DNA, was chosen beThe RuvAB complex possesses DNA helicase activity capable of unwinding duplex DNA (Tsaneva et al., 1993;  cause it mimics reactions thought to occur during postreplication gap repair in E. coli ( Figure 1A ). The Adams and West, 1995) . The presence of RuvA reduces the requirement for high concentrations of RuvB in intermediates (␣ structures containing Holliday junctions) and heteroduplex products ( 32 P-labeled nickedbranch migration because, by virtue of specific RuvARuvB contacts, it targets hexameric rings of RuvB procircular and gapped-linear DNAs) of this reaction have been characterized previously (Dunderdale et al., 1991) . tein to the junction (Tsaneva et al., 1992b; Mitchell and West, 1996) .
A time course of strand exchange, as analyzed by agarose gel electrophoresis, is shown in Figure 1B , lanes The RuvC endonuclease also binds specifically to Holliday junctions (Dunderdale et al., 1991; a-f. The reaction was initiated by first allowing RecA to form a filament on the gDNA before the linear-duplex 1991; Bennett et al., 1993; Shiba et al., 1994) . It forms dimers in solution (Iwasaki et al., 1991) , and its structure DNA was added. The yield of ␣ structures reached a maximum of 65% at 15 min after addition of the linear has been solved at a resolution of 2.5 Å (Ariyoshi et al., 1994) . Four acidic amino acid residues lie in a DNA-DNA ( Figure 1B , lane c; Figure 1C ), and strand exchange products appeared at later times ( Figure 1B , lanes d-f). binding cleft within the active site of each RuvC subunit (Saito et al., 1995) . The DNA within the RuvC-Holliday
To examine the effects of RuvA, RuvB, and RuvC on RecA-mediated strand exchange, all three proteins were junction complex is unfolded and exhibits approximately 2-fold symmetry (Bennett and West, 1995) . RuvC added simultaneously 10 min after addition of the linear duplex. This time was chosen because it is the point at cleaves junctions by introducing symmetrical nicks in strands of like polarity at (or very near) the point where which ␣-structure formation was nearly maximal, yet there were few strand-exchange products. In this recon-DNA strands pass from one helix to the other (Bennett and West, 1996; Shida et al., 1996) . The sites of incision stituted reaction ( Figure 1B , lanes g-l), we observed the following: (i) the acceleration of strand exchange (as depend upon DNA sequence and occur preferentially at the consensus 5Ј-A /TTT ↓G /C-3Ј (Shah et al., 1994 (Shah et al., , 1997 . measured by a more rapid turnover of ␣ structures and an earlier appearance of heteroduplex products relative Overexpression of RuvC Holliday junction resolvase does not complement mutations in either ruvA or ruvB, to the RecA control), (ii) the regeneration of the linear DNA substrate, indicative of branch migration in the whereas overexpression of a cryptic resolvase, RusA, does complement mutations in ruvA, ruvB, and ruvC direction opposite to that catalyzed by RecA, and (iii) the formation of linear-dimer molecules, characteristic (Mandal et al., 1993; Sharples et al., 1994; Mahdi et al., 1996) . These genetic data indicate that RuvC protein of a resolution reaction having taken place. Control reactions demonstrated that the increased rate of strand requires the RuvA and RuvB proteins for activity in vivo and suggest that the three proteins may interact. Given exchange was due to the presence of RuvAB ( Figure 1B , lanes m-r), while the resolution product was dependent that both RuvA and RuvC bind the same structure and that they individually fold Holliday junctions into different upon RuvC ( Figure 1B , lanes s-x). Comparison with the complete reaction revealed that RuvC had little effect configurations, it is not obvious how these proteins function together.
on the rate of branch migration, but that RuvAB had an inhibitory effect on the formation of linear-dimer prodTo address these questions, we have reconstituted the medial-to-late stages of recombination in vitro. We ucts ( Figure 1C ). These data show that all three Ruv proteins function concurrently in the presence of RecA find that RecA, RuvA, RuvB, and RuvC can act simultaneously. In this reaction, the RuvAB proteins serve as protein. an intermediary between the formation of Holliday junctions by RecA and their resolution by RuvC. RuvAB proRuvAB Facilitates Holliday Junction motes the branch migration of Holliday junctions made Resolution in Both Orientations by the RecA-DNA filament and displaces RecA from the Holliday junction resolution by RuvC can occur in either DNA. In addition, the presence of RuvAB was found to of two orientations ( Figure 1A ). Cleavage in the E-W alter the orientation of resolution by RuvC in the presorientation gives rise to linear-dimer DNA, whereas ence of RecA. Monoclonal antibodies directed against cleavage N-S produces nicked-circular and gappedRuvA and RuvB, as well as RuvC, inhibit resolution in linear DNAs. In biological terms, these products correthe coupled reaction, suggesting that Holliday junctions spond to splice and patch recombinants, respectively. are processed in a concerted manner by a RuvABC Unfortunately, the reconstituted system used above did complex. In support of this proposal, direct proteinnot permit us to determine the ratio of splice:patch reprotein interactions between RuvB and RuvC were decombinants, since nicked-circular and gapped-linear tected.
DNA products also result from complete strand exchange with these substrates. To overcome this limitaResults tion and to enable measurement of both types of resolution product, the in vitro system was modified by In Vitro Reconstitution of the Medial-to-Late including a large region of heterology (1668 bp) in the Steps of Recombination linear duplex, so that the formation of strand-exchange To analyze the combined actions of RuvA, RuvB, and RuvC during RecA-mediated strand exchange, an in products was blocked (Figure 2A ).
RecA-promoted strand exchange between gDNA and 32 P-3Ј-end labeled linear-duplex DNA (chimeric pAKE-7Z) resulted in the accumulation of ␣ structures, reaching a final yield of Ͼ90% of the total 32 P-labeled DNA ( Figure 2B, lanes a-f) . Addition of RuvABC to this reaction led to the formation of both splice (linear-dimer) and patch (nicked-circular) recombinants ( Figure 2B, lanes  g-l) . Quantification of the products by phosphorimaging ( Figure 2C ) indicated that the two products were formed with equal efficiencies (taking into account that the linear dimer contains two 32 P-labels, while the nicked circle contains only one). This result shows that, in the presence of RuvAB, RuvC has no intrinsic preference for a particular orientation of resolution.
In contrast, when similar reactions were carried out in the absence of RuvAB, resolution occurred preferentially in one orientation (E-W), giving rise to linear-dimer (splice) products ( Figure 2B , lanes s-x), as noted previously (Dunderdale et al., 1991) . Very few nicked-circular resolution products were observed ( Figure 2B , lane x; Figure 2C ). Quantification of the two species revealed that the linear-dimer product was 10-fold more abundant than the nicked-circular DNA over the concentration range of 50-800 nM RuvC (data not shown). The overall level of resolution (i.e., the sum of the lineardimer and nicked-circular species), however, was not affected by RuvAB (11.1% versus 11.0% in the absence and presence of RuvAB, respectively). Thus, the RuvAB proteins modulate the orientation, but not the efficiency, of resolution by RuvC protein in the presence of RecA.
RuvAB Dissociates RecA from Recombination Intermediates
To determine whether the orientation bias observed in the absence of RuvAB was due to the presence of RecA on the recombination intermediates, strand-exchange reactions were performed, but this time the recombination intermediates were deproteinized by treatment with proteinase K and SDS prior to incubation with RuvC. The deproteinized intermediates were resolved in both Figure 1 . In Vitro Reconstitution Assay (A) Diagram illustrating the DNA substrates, intermediates, and products of the coupled reaction. Gapped-circular and 32 P-3Ј-end labeled linear-duplex (pDEA-7Z) DNA molecules were incubated with RecA protein to form recombination intermediates (␣ structures) containing Holliday junctions. Complete strand exchange by RecA, forward branch migration by RuvAB, or resolution of the Holliday junction by RuvC (N-S orientation) yields 32 P-labeled nicked-circular and 32 P-labeled gapped-linear products. Reverse branch migration by RuvAB regenerates the gapped-circular and 32 P-labeled linear-duplex substrates. Resolution by RuvC in the E-W orientation produces 32 P-labeled linear-dimer molecules. (B) Reactions were performed as described in Experimental Procedures using 10 M gDNA and 1.6 M 32 P-3Ј-end labeled linear pDEA-7Z. RuvA (200 nM), RuvB (100 nM), and RuvC (100 nM) proteins were added 10 min after the linear DNA as indicated. The products were deproteinized and separated on a 1% agarose gel that was dried and exposed for autoradiography. orientations ( Figure 3 , lanes b-f) at a more equal frequency than observed with RecA-bound intermediates ( Figure 2B , lanes s-x). These results indicate that the presence of RecA affects the orientation of resolution by RuvC, possibly by holding the DNA in a configuration that favors a specific cleavage bias. Previously, it was shown that relatively high concentrations of RuvAB dissociate RecA filaments from supercoiled plasmid DNA . To test whether RuvAB displaces RecA from recombination intermediates during the reconstituted reaction, the differential effects of ATP␥S (a nonhydrolyzable analog of ATP) on RuvAB-and RecA-mediated strand exchange were exploited. Whereas branch migration by RuvAB can tolerate moderate concentrations of ATP␥S (Mü ller et al., 1993a; Mitchell and West, 1996) , low concentrations of ATP␥S stabilize the RecA-DNA filament and prevent strand exchange (Lindsley and Cox, 1990) . We reasoned that if RuvAB removed RecA, then strand exchange would occur in the presence of ATP␥S. Alternatively, if RuvAB did not dissociate RecA, strand exchange would be inhibited to the same extent as in control reactions containing RecA alone.
A series of RecA-mediated strand-exchange reactions between gDNA and 32 P-labeled linear pDEA-7Z DNA were prepared; some reactions were supplemented with RuvAB after ␣ structures had been allowed to form. Varying concentrations of ATP␥S were added 11 min after the linear DNA. Concentrations of ATP␥S Ն20 M completely inhibited the progression of RecAmediated strand exchange, such that ␣ structures accumulated without the formation of nicked-circular products ( Figure 4 , lanes e-g). In contrast, in the presence of RuvAB, significant strand exchange in the forward direction occurred at 20 and 40 M ATP␥S (Figure 4 , lanes l and m). Indeed, nicked-circular products were observed at 100 M ATP␥S (Figure 4 , lane n). The ability of RuvAB to promote branch migration in the presence of RecA and ATP␥S indicates that the RecA filament has been released from the DNA.
MAbs against RuvA, RuvB, or RuvC Block Resolution in the Reconstituted Reaction
Genetic data indicate that the ruv gene products act in concert, possibly as a RuvABC complex (Mandal et al., 1993) . To test for functional interactions between the RuvA, RuvB, and RuvC proteins in the reconstituted reaction, we used monoclonal antibodies (MAbs) raised against each of the proteins as potential inhibitors of Holliday junction processing. The rationale was to determine whether any of the individual MAbs might be capable of inhibiting both branch migration and resolution, described in the legend to Figure 1B , using 10 M gDNA and 2.5 The system is similar to that depicted in Figure 1A , except that the M 32 P-3Ј-end labeled linear pAKE-7Z DNA. RuvA (200 nM), RuvB linear DNA (pAKE-7Z) contains a 1.7 kb region of heterology (shaded (100 nM), and RuvC (100 nM) were added 10 min after the linear box). RecA-promoted DNA strand exchange proceeds for 2591 bp DNA as indicated. Deproteinized reaction products were separated before being blocked by heterologous DNA. Consequently, ␣ strucon a 1% agarose gel. ␣, ␣ structures; LD, linear dimer; NC, nicked tures accumulate in the absence of either RuvAB or RuvC proteins.
circle; L, linear/gapped linear. RuvAB can promote only reverse branch migration with these sub-(C) Quantitation of the various labeled species in (B) by phosphorimstrates. The products of resolution by RuvC are indicated.
aging. Data are presented as in Figure 1C . Recombination intermediates were prepared as described in Experimental Procedures using gDNA and 32 P-3Ј-end labeled linear pAKE-7Z DNA. Deproteinized intermediates (0.3 M) were reacted for 10 min with the indicated concentration of RuvC. The DNA products were deproteinized and separated on a 1% agarose gel. ␣, ␣ structures; LD, linear dimer; NC, nicked circle; L, linear/gapped linear.
thus indicating an association between the proteins that 5A, compare lanes b and e). In contrast, the C2 MAb (B) Reactions were assembled as described in (A), with a mixture reduced the formation of resolution product by 85%
of RuvABC being added 10 min after the linear DNA was added.
( Figure 5A , lane f), but had no effect on RuvAB-mediated
The indicated monoclonal antibodies were added 30 s later. Sambranch migration ( Figure 5B ).
ples were withdrawn at various times, and the products were sepaMonoclonal antibodies raised against RuvA or RuvB rated and analyzed as described in the legend to Figures 1B and  1C . The percentage of the total DNA present as ␣ structures is plotted.
reduced the efficiency of RuvAB-mediated branch migration, as measured by the slower rate of disappearance of ␣ structures both in the absence (data not shown) and presence ( Figures 5A and 5B ) of RuvC. Surprisingly, addition of the anti-RuvA and anti-RuvB MAbs to the reconstituted reaction also inhibited Holliday junction resolution by 60% ( Figure 5A , compare lanes c and d with lane b). Control reactions confirmed that the decrease in linear-dimer resolution product was not due failed to inhibit resolution if RuvAB was omitted from gDNA and 32 P-3Ј-end labeled linear pDEA-7Z were assembled as described in the legend to Figure 1B . To one set of reactions (lanes the reaction (Figure 5A, lanes l-o) . Also, a nonspecific a-g), ATP␥S was added to the indicated final concentration 11 min MAb (anti-c-Myc) had no effect on either branch migraafter the addition of the linear DNA. To the other set of reactions tion or resolution ( Figure 5A , lane g).
(lanes h-n), RuvAB (200 nM RuvA and 100 nM RuvB) was added 10
To address the possibility that the inhibition of resolumin after the linear DNA, followed 1 min later by ATP␥S. The reaction by the anti-RuvA and anti-RuvB MAbs was due to tions were stopped 14 min after the ATP␥S was added. The DNA fixation of RuvAB on the junction, thereby blocking its products were deproteinized and separated on a 1% agarose gel. ␣, ␣ structures; NC, nicked circle; L/GL, linear/gapped linear.
access to RuvC, the MAbs were preincubated with the RuvABC mixture before it was added to the DNA. Similar inhibitory effects were observed ( Figure 5A, lanes h-k) . In addition, reactions were reconstituted in which the phage T4 resolvase, endonuclease VII, replaced RuvC. Cleavage of recombination intermediates by endonuclease VII in the presence of RuvAB occurred equally well in the absence or presence of the anti-RuvA and antiRuvB MAbs (data not shown). These results demonstrate that the MAbs do not fix RuvAB on the junction, thereby preventing access to the resolvase, and that inhibition of resolution by the anti-RuvA and anti-RuvB MAbs is specific for RuvC.
The ability of specific anti-RuvA, anti-RuvB, and antiRuvC MAbs to inhibit Holliday junction resolution implies that RuvABC associates in the reconstituted reaction and acts in concert during Holliday junction branch migration and resolution.
Physical Association of RuvB and RuvC
Since the experiment shown in Figure 5 suggested that Holliday junctions were processed by a RuvABC complex, we next determined whether RuvC interacts directly with either RuvA or RuvB protein. This was accomplished by cross-linking different combinations of RuvA, RuvB, and RuvC in the absence of DNA to look for direct protein-protein contacts. The various cross-linked products were analyzed by SDS-PAGE followed by silver staining ( Figure 6A ) and by Western blotting ( Figure 6B ).
When a mixture of RuvA and RuvB was reacted with glutaraldehyde, many new cross-linked species, ranging in size from 66 to Ͼ200 kDa, were observed, indicating the formation of RuvAB heterooligomers ( Figure 6A , lane g). These protein species were not seen with either RuvA of cross-linking (data not shown). Previously, it was glutaraldehyde was added, and the reactions were incubated for shown that RuvA and RuvB interact to form a complex 30 min. The proteins were denatured by boiling in SDS and separated (Shiba et al., 1993; Mitchell and West, 1994) , consistent on an 8%-15% SDS-polyacrylamide gel. Visualization was by silver with these results.
staining. The positions of the molecular weight standards are shown.
Similarly, coincubation of RuvB with RuvC, followed (B) RuvB (1 g) and RuvC (0.5 g) were mixed as indicated and were by cross-linking, resulted in the production of a novel cross-linked with glutaraldehyde (ϩ) as described in Experimental Procedures. Proteins were denatured as stated in (A) and separated protein species exhibiting an apparent molecular mass on a 10% SDS-polyacrylamide gel. They were then transferred onto of 58 kDa, as well as more complex species with reduced a membrane and probed with polyclonal antibodies against RuvB mobilities ( Figure 6A, lane i) . The 58 kDa band, which (lanes a-d) or RuvC (lanes e-h).
was not seen in control lanes containing either RuvB ( Figure 6A , lane e) or RuvC ( Figure 6A , lane f) alone, was suggestive of a complex containing both proteins. Discussion Immunoblotting confirmed that this novel band contained both RuvB and RuvC ( Figure 6B, lanes d and h) In the studies reported here, an in vitro system for the and was dependent on the presence of cross-linking formation and processing of Holliday junctions, central agent ( Figure 6B, lanes c and g) . The formation of this intermediates in genetic recombination and postreplicacomplex (designated B1C1, owing to its apparent size) tion gap repair, was reconstituted. Ongoing RecA-mediwas also observed in a complete mixture containing ated strand-exchange reactions were supplemented RuvA, RuvB, and RuvC ( Figure 6A , lane j). RuvB did not with the Holliday junction-processing proteins RuvA, form cross-linked complexes with other proteins such RuvB, and RuvC, and their combined roles and interacas RecA, BSA, ovalbumin, or ribonuclease A (data not tions during junction translocation and resolution were shown). Protein-protein cross-linking between RuvA determined. and RuvC was not detected ( Figure 6A, lane h) . These results show that RuvB, the branch migration motor, interacts specifically with RuvC as well as with RuvA.
RuvAB Assumes RecA's Role as the Strand-Exchange Protein The data lead us to suggest that the processes of branch migration and resolution may be facilitated by direct After a Holliday junction is formed during RecA-mediated strand exchange, it is recognized and bound by protein-protein interactions.
RuvAB, which then accelerates the rate of branch migrain ruvA, ruvB, or ruvC result in strains that display very similar genetic phenotypes (Sharples et al., 1990 ). These tion. The ability to promote more rapid branch migration and to take over the strand-exchange role from RecA results, coupled with observations that ruvA, ruvB, or ruvC mutations can be complemented by overexpresindicates that RuvAB is primarily responsible for the extension of heteroduplex joints in vivo. What is not sion of the cryptic RusA resolvase (Mandal et al., 1993; Mahdi et al., 1996) , suggest that branch migration and known is how RuvAB recognizes Holliday junctions that are sheathed within the RecA filament. Electron microresolution are linked processes or that the RuvA, RuvB, and RuvC proteins function as a complex. scopic observations of filaments formed on gapped DNA indicate that they possess a segmented structure, such
The results presented in this paper provide biochemical support for direct interactions between the branch that regions of DNA are naked (Chiu et al., 1990) (Pugh and Cox, 1987a; Shan and Cox, 1996) . In fact, RecA continues to bind the heteroduplex RuvC-Holliday junction complexes is enhanced by RuvB in the presence of ATP␥S (R. Shah and S. C. W., unpub-DNA product after RecA-mediated strand exchange has taken place (Pugh and Cox, 1987b) . This behavior is lished data), and the sites and efficiency of resolution on deproteinized intermediates are affected by the presunlikely to occur in vivo since RecA, in the context of its role as a DNA-repair protein, must be recycled to ence of RuvAB (data not shown).
At the present time, attempts to detect interactions accommodate the requirement for its actions throughout the genome.
in solution between RuvA and RuvC by protein-protein cross-linking have been unsuccessful. However, Whitby Two results presented in this work indicate that RuvAB dissociates the RecA filament from DNA. First, et al. (1996) detected the formation of a RuvA-RuvCHolliday junction complex by electrophoretic mobility-shift RuvAB acted upon RecA-bound recombination intermediates and catalyzed strand exchange at ATP␥S concenassays. Compelling evidence for a specific interaction between RuvA and RuvC was provided by the observatrations that fully inhibited RecA-mediated strand exchange. The concept that RuvAB could branch migrate tion that the RuvC G114D mutant, which retains wildtype junction-binding activity, was unable to form the the junction through an intact (ATP␥S-stabilized) RecA filament is untenable, given the tripartite structure of the RuvAC-junction complex. RuvAB-Holliday junction complex, in which the junction is opened into a 4-fold symmetric square-planar strucBiological Implications of a RuvABC Branch ture (Parsons et al., 1995a; Rafferty et al., 1996) . The Migration/Resolution Complex results presented in Figure 4 therefore indicate an addiThe concept that the RuvABC proteins can function tional role for RuvAB-mediated branch migration, that as a branch migration/resolution complex is attractive of clearing RecA from the DNA.
because it provides a means for directing RuvC to its Second, the resolution bias observed in the presence specific sites of cleavage. In vitro studies have shown of RecA (which favored the formation of splice recombithat RuvC preferentially cleaves Holliday junctions at nants) was eliminated by the inclusion of RuvAB, such the degenerate tetranucleotide sequence 5Ј-A / T TT ↓G / C -3Ј that patch and splice recombinants were formed at a (Shah et al., 1994) . Since this consensus sequence oc-1:1 ratio (as shown in Figure 2B ). The resolution bias curs every 64 bp on average, and since the site of the observed on RecA-bound intermediates is thought to crossover must correspond to the site of cleavage for be a consequence of homologous pairing, as junction efficient resolution (Bennett and West, 1996) , many juncisomerization will be prohibited when DNA molecules tion-binding events by RuvC will be nonproductive unare bound side by side. Dissociation of the RecA filament less the RuvC-junction complex itself can undergo by RuvAB removes this topological constraint on the branch migration. One possibility, that RuvAB dissocijunction, permitting its isomerization and subsequent ates from DNA at the 5Ј-A /TTT ↓G /C-3Ј sequence to permit bidirectional resolution by RuvC. Thus, the branch miRuvC to bind and resolve the junction, is not supported gration activity of RuvAB will facilitate the recycling of by competition experiments, which indicate that RuvAB RecA protein during DNA repair and permit RuvC-medipromotes extensive branch migration without dissociatated resolution to occur in both orientations.
ing from the DNA (Mitchell and West, 1996) . We propose that two types of branch migration comInteractions between the Branch Migration plex may exist in vivo: one, the RuvAB complex, is capaMotor and the Resolvase ble of forming extensive lengths of heteroduplex DNA, In vitro, RuvAB promotes branch migration and RuvC while the other, the RuvABC complex, is capable of promotes resolution, two apparently unrelated activities. However, genetic analyses indicate that mutations both branch migration and resolution. In the latter case, (E) A tripartite RuvAB branch migration complex in which the junction lies in a squareplanar configuration sandwiched between the concave faces of two RuvA tetramers. This complex is thought to be capable of extensive ATP-dependent branch migration, a process that will also dissociate the RecA filament from the flanking DNA. (F) Replacement of one (the uppermost) RuvA tetramer with a RuvC dimer (red) leads to the formation of a proposed RuvABC branch migration/ resolution complex. In these diagrams, the DNA and proteins are not drawn to scale.
cleavage could occur as suitable DNA sequences are of the pairing intermediate, in which the arms lie parallel to each other ( Figure 7B ), into a 4-fold symmetric drawn through the RuvABC-junction complex. Since the RuvAB proteins, but not RuvC, are DNA-damage inducsquare-planar structure ( Figure 7C ). X-ray crystallography has shown that the RuvA tetramer is 4-fold symmetible (Benson et al., 1988; Shinagawa et al., 1988) , the relative levels of the two forms of complex may vary ric and resembles a pinwheel with concave and convex faces (Rafferty et al., 1996) . On the concave face lie four according to the SOS state of the cell. Under conditions where the SOS response is induced, it is possible that grooves that can accommodate duplex DNA. This face of the tetramer contains four positively charged pins that longer lengths of heteroduplex may be formed prior to resolution of the junction by RuvC, owing to an excess are positioned to effect separation of the DNA strands at the site of the crossover. The initial binding event may of RuvAB complexes. Alternatively, elevated levels of RuvAB could sequester most or all of the RuvC protein involve only one RuvA tetramer ( Figure 7C ), which may facilitate the loading of a RuvB hexamer to one arm of into coupled RuvABC-junction complexes, leading to highly efficient Holliday junction resolution under SOSthe junction ( Figure 7D ). However, electron microscopic observations (Parsons et al., 1995a) , DNAse I footinduced conditions. Induction of RuvAB could therefore be regarded as a way to activate the RuvC resolvase printing studies (Hiom and West, 1995) , and mass analysis (Yu et al., 1997) of the RuvAB-Holliday junction comduring DNA repair.
plex indicate that the complex contains two RuvA tetramers that are flanked by two hexameric rings of RuvB.
A Model for the Later Steps of Recombination in E. coli
Presumably, the tetramers of RuvA bind to each face of the unfolded Holliday junction ( Figure 7E ). Unfolding The results presented in this paper provide insight into the way in which the medial-to-late steps of recombinaof the DNA, coupled with assembly of the RuvABjunction complex, will bring about further disruption of tion and recombinational repair may be coupled ( Figure  7 ). Strand exchange between DNA molecules is initiated the RecA filament in the locality of the junction. Subsequent branch migration, during which DNA strands pass by the action of RecA at single-stranded regions and leads to reciprocal exchanges involving four DNA into and through the tripartite RuvAB complex, will result in active and extensive displacement of RecA from the strands. These reactions occur within a RecA filament, with the two DNA helices extended and interwound (Fig-DNA , permitting its subsequent recycling. Genetic observations indicate that branch migration ure 7A). The mechanism by which strand exchange takes place may involve conformational changes of and resolution are coupled in some way. Biochemical clues to the nature of these interactions were provided RecA, in response to repeated cycles of ATP binding and hydrolysis . Our working hyby observations of junction-mediated contacts between RuvA and RuvC (Whitby et al., 1996) and by direct propothesis is that the Ruv proteins recognize Holliday junctions that lie in discontinuities of the RecA filament.
tein-protein interactions between RuvB and RuvC (Figure 6 ). But how can the concept of a RuvABC complex Binding by RuvA, which exhibits the highest DNA-binding affinity of the three Ruv proteins, leads to conversion be reconciled with the known structures of RuvA and RuvC? It would appear that incorporation of a RuvC
The optimal concentrations of RuvA (200 nM), RuvB (100 nM), and dimer into the RuvAB complex would require dissociaRuvC (100 nM) were determined empirically. Reactions (typically 20 tion of a RuvA tetramer from one face of the junction l) were stopped and deproteinized by the addition of 1/4 vol of 5ϫ
( Figure 7E ). Even then, however, the 2-fold symmetric stop buffer (10 mg/ml proteinase K and 1.6% SDS), followed by RuvC dimer (Ariyoshi et al., 1994) and resolution are coupled during the late stages of addition of SDS and proteinase K to 0.5% and 1 mg/ml, respectively, recombination and recombinational repair.
followed by incubation for a further 10 min at 37ЊC. Deproteinized intermediates were purified by chromatography over a 3.5 ml column of Sepharose CL-2B equilibrated in buffer containing 50 mM TrisExperimental Procedures acetate (pH 8.0), 5 mM Mg(OAc) 2, 20 mM K(OAc), 1 mM DTT, and 100 g/ml BSA. Fractions containing radioactivity were pooled, and Proteins the concentration of DNA was determined from the specific activity RecA protein was purified using a method involving spermidine of the linear substrate. acetate precipitation followed by ATP elution from an ssDNA-affinity column (Griffith and Shores, 1985; S. Kowalczykowski, personal Protein Cross-Linking communication); its concentration was determined using ⑀ 280 ϭ 2.7 ϫ Proteins (at the indicated amount) were mixed in buffer containing 10 4 M Ϫ1 cm
Ϫ1
. RuvA, RuvB, and RuvC were purified as described 20 mM triethanolamine-HCl (pH 8.2), 50 mM NaCl, 10 mM MgCl2, 1 (Tsaneva et al., 1992a; Dunderdale et al., 1994) . The concentration mM ATP, and 250 M ATP␥S. Reactions (20 l) were incubated at of RuvA was determined by Bradford assay, using BSA as the stan-30ЊC for 10 min. Glutaraldehyde (freshly diluted in 50 mM triethanodard. The concentrations of RuvB and RuvC were determined using lamine-HCl [pH 8.2]) was added to a final concentration of 0.013%, ⑀ 280 ϭ 1.64 ϫ 10 4 and 6.4 ϫ 10 3 M Ϫ1 cm
, respectively. Protein and the reactions were incubated at 30ЊC for 30 min. Cross-linking concentrations are expressed in terms of monomer. Terminal deoxywas stopped by adding ethanolamine-HCl (pH 8.0) to a final concennucleotidyl transferase was from Amersham. Restriction enzymes tration of 215 mM, and incubation was continued for a further 10 were from Boehringer Mannheim Biochemicals, New England Biomin. After addition of an equal volume of 2ϫ sample buffer (100 labs, and Promega.
mM Tris-HCl [pH 6.8], 20 mM DTT, 20% glycerol, 4% SDS, 0.2% bromophenol blue), the samples were heated at 95ЊC for 3 min.
DNAs
Proteins were separated on an 8%-15% SDS-polyacrylamide gel pDEA-7Z (3000 bp) has been described (Shah et al., 1994) . pAKEat 120 V for 3 hr 15 min and were visualized by silver staining. For 7Z (4670 bp) was constructed by digesting pACYC184 with Western blotting, proteins were separated on a 10% SDS-polyAsp700, HincII, and HindIII. The 1668 bp Asp700-HincII fragment acrylamide gel at 150 V for 1.5 hr, then transferred overnight at 4ЊC was ligated into ScaI-digested pDEA-7Z, and a recombinant plasat 30 V onto a PVDF membrane. Blots were probed with rabbit mid, in which the 5Ј end of the chloramphenicol resistance gene polyclonal antibodies raised against either RuvB or RuvC protein within the Asp700-HincII insert was positioned near the BsaI site in (Mü ller et al., 1993b) and were developed using an alkalinepDEA-7Z, was isolated. Duplex DNA was prepared using Qiagen phosphatase conjugated system. maxi-prep columns. Circular (ϩ) ssDNA from pDEA-7Z was generated using the helper phage M13K07 as specified by the supplier Monoclonal Antibody Inhibition (Promega). The concentrations of ssDNA and double-stranded DNA Mouse monoclonal antibodies were generated against purified fullwere determined using ⑀ 260 ϭ 8784 and 6500 M Ϫ1 cm Ϫ1 , respectively. length RuvA (12C6), RuvB (4G5), or RuvC (5G9 and 7C4) proteins. DNA concentrations are expressed in terms of nucleotide residues.
A mouse anti-c-Myc (9E10) MAb (Evan et al., 1985) was used as a Gapped DNA was prepared by annealing pDEA-7Z ssDNA with nonspecific control. Strand-exchange reactions (20 l) containing the 2825 bp PstI-AvaI duplex fragment from pDEA-7Z as described RecA, gDNA, and 32 P-labeled linear pDEA-7Z DNA were assembled (Shah et al., 1994) . Substrates for the pairing reaction were linearized as described above. A mixture of RuvABC (200 nM RuvA, 100 nM by digestion with PstI and were 3Ј-end labeled using terminal deoxyRuvB, and 100 nM RuvC) or RuvC alone (100 nM) was added 10 nucleotidyl transferase and [␥-32 P]ddATP (10 mCi/ml; Amersham) as min after the linear DNA. Thirty seconds later, a 5-fold excess (w/w) specified by the manufacturer. Concentrations of labeled DNAs were of MAb was added, and the reactions were stopped 15 min later as determined by calculating the specific activity using DE81 filters described above. In some cases, the MAbs were preincubated on (Sambrook et al., 1989) .
ice with RuvABC for at least 10 min before being added to the reaction.
Reconstitution Reactions
Unless otherwise noted, reactions contained 50 mM Tris-acetate (pH 8.0), 15 mM Mg(OAc)2, 20 mM K(OAc), 2 mM ATP, 2 mM DTT, Acknowledgments 100 g/ml BSA, 20 mM phosphocreatine, 5 U/ml phosphocreatine kinase, and 10 M gDNA. RecA protein was added to a final concenWe thank H. George, R. Shah, and D. Zerbib for supplying the various proteins used in these studies; members of the laboratory for their tration of 4 M, and the reaction was incubated at 37ЊC for 5 min to permit the polymerization of RecA on the gDNA. PstI-linearized comments and suggestions; B. Kysela, A. Davies, and the Imperial Cancer Research Fund's Monoclonal Antibody Service for generat-DNA ( 32 P-3Ј-end labeled) was then added to a concentration of 1.6 M (pDEA-7Z) or 2.5 M (pAKE-7Z). Ten minutes later, RuvA, RuvB, ing the Ruv monoclonal antibodies; the laboratory of G. Evan for providing the anti-c-Myc monoclonal antibody; R. Lloyd for commuand RuvC were added as noted, and incubation was continued at 37ЊC. In all cases, the appropriate proteins were premixed in buffer nication of data prior to publication; and J. Nicholson for photography. This work was supported by the Imperial Cancer Research containing 25 mM Tris-acetate (pH 8.0), 1 mM EDTA, 1 mM DTT,
